; Andersen and Lomo, 1966). Almost three decades Evanston, Illinois 60208 later, by combining in vitro field potential recordings with local tetrodotoxin (TTX) application, Turner and colleagues substantiated these conclusions, finding that Summary active dendritic conductances precede somatically recorded population spikes (Turner et al., 1989). Using Several early studies suggested that spikes can be current source density analysis in vivo, Herreras arrived generated in the dendrites of CA1 pyramidal neurons, at the similar conclusion that active dendritic conducbut their functional significance and the conditions tances preceded axonal action potential generation in under which they occur remain poorly understood.
Other studies have shown that the threshold and ute substantially to the membrane potential change timing of action potentials differ for proximal versus disrequired to produce an action potential in the axon? tal synaptic stimulation, leading to the conclusion that Alternatively, can dendrites themselves serve as the site distal synaptic inputs may result in dendritic spike initiaof action potential initiation in response to some synaption, while proximal inputs lead to axonal spike initiation tic inputs? Answers to questions like these have been (Andersen et al., 1987; Andreasen and Lambert, 1998). elusive, in large part owing to the technical difficulty of Despite this wealth of data suggesting that spikes probing dendritic function directly. Indeed, the question may be generated in CA1 dendrites, the question has of whether voltage-gated channels in dendrites can amremained controversial. For example, in contrast to the plify synaptic potentials or generate action potentials is studies cited above, some field potential studies cona controversial one. Many experiments have indicated cluded that action potentials are generated near the that the axon is the usual site of action potential initiation soma and subsequently invade the dendrites actively in several types of neurons, but some studies have indi- (Magee and Johnston, 1995b). As blocking these chanmidal neurons in hippocampal slices maintained at physiological temperature (32ЊC-36ЊC). Most slices were nels results in a reduction in the amplitude of the somatic excitatory postsynaptic potential (EPSP) (Lipowsky et prepared from 6-to 11-week-old rats, but similar results were observed in slices from 4-week-old rats. A stimulatal., 1996; Gillessen and Alzheimer, 1997), it remains possible that the excitable properties of dendrites identified ing electrode was placed in either the distal third of the stratum radiatum or in stratum lacunosum-moleculare; in some studies may serve to amplify synaptic potentials without actually generating dendritic spikes. Even if similar results were observed with both of these stimuli, which activate axons impinging on approximately the spikes can be generated in CA1 neurons, it is unclear which patterns of synaptic activation are most effective middle and outer thirds of the apical dendrites, respectively. at evoking them and how dendritic spikes propagate to the soma.
In the majority of neurons, synaptic stimulation just above threshold for spike initiation produced action poHere, we use simultaneous patch-pipette recordings from the soma and a dendrite of the same neuron to tentials that occurred first in the soma and later in the dendrite (n ϭ 22 of 30 recordings in which a somatic address these questions directly. We demonstrate that sodium spikes can be generated in the dendrites of CA1 action potential could be evoked by a single stimulus; Figure 1A1 ), presumably reflecting action potential initianeurons in response to specific patterns of synaptic stimulation. Furthermore, we find that the propagation tion in the axon and active back-propagation into the dendrites, with significant amplitude attenuation (Sprusof these spikes to the soma is unreliable, suggesting that dendritic spikes are functionally distinct from action ton et al., 1995). In some cells, however, increasing the synaptic stimulus intensity resulted in a dendritic spike potentials propagating via the axon. These results help to reconcile many contentious results obtained over four that preceded the somatic action potential (n ϭ 4 of 10 recordings tested in this way; Figure 1A4 ). Furthermore, decades of research and provide insight into the steps stimuli at or near the intensity that evoked a dendritic leading to action potential initiation in CA1 neurons.
spike occasionally evoked partial dendritic regenerative responses that preceded the somatic action potential Results but were later followed by a back-propagating action potential ( Figures 1A2-1A3) . In a minority of recordings Dendritic Spikes in Response (n ϭ 8 of 30), threshold stimulation resulted in dendritic to Synaptic Stimulation spikes that preceded the somatic action potential. In Simultaneous patch-pipette recordings were obtained two of these eight cases, threshold stimulation resulted in dendritic spikes that occurred in isolation of a somatic from the soma and primary apical dendrite of CA1 pyra-dendrite to the soma (n ϭ 2; Figures 2C and 2D ). Dendritic spikes were promoted in a similar manner by blocking GABA B -mediated inihibition with 1 M CGP55845A. These results provide further confirmation that dendritically generated spikes occur preferentially when the excitatory component of a synaptic potential is strong.
Dendritic Spikes in Response to Trains of Synaptic Stimuli
An important question is whether excitatory synaptic inputs capable of triggering dendritic spikes actually occur in vivo. Two observations in vitro presented so far suggest that they could. First, in some cells, dendritic spikes were observed in the absence of corresponding somatic action potentials ( Figure 1B) . Second, even in those cells in which dendritic spikes only occurred at a stimulus intensity larger than that required to evoke somatic spikes, the necessary increase in stimulus intensity was modest (as little as 1.5ϫ the threshold stimulus for a somatic spike; see Figure 1A ). Perhaps the most compelling suggestion that dendritic spikes may occur in response to synaptic inputs of physiological relevance, however, is the observation that dendritic spikes occurred almost invariably during trains of synaptic stimuli. In 30 of 36 neurons, trains of five synaptic stimuli (20-66 Hz) resulted in at least one spike that occurred first in the dendrite. In the cell shown in Figure   Figure 2 (PSP) was below action potential threshold ( Figure 3C ). Additional dendritic spikes sometimes occurred in reaction potential ( Figures 1B1-1B3 ), but as stimulus insponse to stimuli other than the second in a train, but tensity was further increased, the dendritic spike eventhe occurrence of more than two dendritically initiated tually gave rise to a somatic action potential (Figure spikes in a train of five stimuli was infrequent (n ϭ 9, 9, 1B4). 6, 2, and 4 for 1-5 spikes, respectively). These results constitute a direct demonstration of A major factor underlying the prevalence of dendritic dendritic spike initiation in CA1 pyramidal neurons. By spikes during trains is the facilitation of the EPSP that dendritic spike initiation, we mean only that a spike occurs during repetitive synaptic stimulation. When the occurred in the dendrite first and not necessarily that it synaptic stimulus intensity was reduced to produce was the sole cause of the action potential in the soma.
trains of subthreshold PSPs, the second and third reThese results are in accord with previous suggestions sponses in the train were usually the largest ( Figure 4A ), that stronger excitatory synaptic inputs can trigger densuggesting that dendritic spike initiation is correlated dritic spikes in CA1 cells (Turner et al., 1989 (Turner et al., , 1991 . To with the size of the PSP. In support of this hypothesis, further test the idea that synaptic strength can modulate the initial slope of the EPSPs giving rise to dendritic the site of spike initiation, EPSP amplitude was altered spike initiation was larger than the slope of EPSPs repharmacologically, rather than by changing stimulus insulting in somatic initiation ( Figures 4B and 4C) . Nevertensity. In control, threshold synaptic stimulation trigtheless, facilitated EPSPs late in the train rarely gave gered an action potential that occurred first in the soma rise to dendritic spikes, suggesting that other factors and later in the dendrite (Figure 2A ). Blocking GABA Acontribute to whether a strong synaptic input can trigger mediated inhibition increased the overall synaptic depoa dendritic spike (see Discussion). larization associated with the same stimulus and caused Isolated dendritic spikes (i.e., in the absence of a corthe dendritic spike to occur first (n ϭ 4 for 10 M bicuculresponding somatic action potential) were also prevaline, n ϭ 3 for 5-50 M SR95531; Figure 2B ). The subselent in response to trains of synaptic stimuli (n ϭ 11 of quent addition of 50 M D-AP5 reduced the overall syn-30 cells that exhibited dendritic spikes). Figure 5 shows aptic depolarization by blocking NMDA receptors and examples from three recordings in which isolated dendritic spikes were recorded in response to repetitive reversibly shifted the site of spike initiation from the 
synaptic stimulation. Isolated spikes elicited in response
We also examined the dependence of dendritic spike generation on the temperature and age of the animal. to trains of synaptic stimuli had variable amplitudes in different responses but were usually smaller than those We found that the stimulus intensity required to elicit dendritic spikes was higher at room temperature than associated with somatic action potentials ( Figure 5B ). Similar isolated dendritic spikes were also observed in at physiological temperature (n ϭ 4). This observation potentially explains why dendritic spike initiation was the presence of 10 M bicuculline or 50 M SR95531 (n ϭ 3 and 1, respectively), indicating that inhibition not observed in a previous study in which most experiments were performed at room temperature (Spruston mediated by GABA A receptors was not responsible for the failure of dendritic spikes to trigger action potentials et al., 1995). In the present study, dendritic spikes were observed in slices from animals as young as 26 days at the soma.
One technical concern in these experiments was that old (the youngest age examined). the cytoplasmic dialysis or capacitance load associated with whole-cell patch-pipette recordings could itself Dendritic Spikes Are Mediated by Sodium Channels and Are Sensitive to Previous change the site of action potential initiation. To address this issue, experiments were performed in the cellAction Potential Firing Dendritic spikes could also be evoked by injecting large, attached configuration ( Figure 6 ). As in whole-cell recordings, trains of action potentials evoked by synaptic brief current pulses directly via the dendritic electrode ( Figure 7 ). In some cases, these current-evoked denstimulation usually resulted in dendritic spike initiation in response to at least one stimulus in the train (n ϭ 7 dritic spikes appeared first in isolation (Figure 7 , middle) but were associated with somatic action potentials of 10 recordings), most often in response to the second stimulus ( Figure 6A) . In a few cases, isolated dendritic when the amplitude of the injected current was increased (data not shown). Current-evoked dendritic spikes were also observed in dual cell-attached recordings (n ϭ 3 of 10; Figure 6A2 ). In four of seven cells spikes were blocked by TTX, indicating that dendritic spikes require activation of dendritic sodium channels showing dendritic spikes in cell-attached recordings, the soma was repatched in the whole-cell configuration ( Figure 7 ). Because these current-evoked dendritic spikes appear almost identical in half width to dendritic spikes to confirm that both recordings were from the same cell ( Figure 6B ). These results alleviate the concern that evoked by synaptic stimulation (Figure 7) , it is likely that the synaptically evoked dendritic spikes are also dendritic spike initiation is an artifact of whole-cell recording.
primarily sodium-dependent. By contrast, dendritic spikes evoked by current injection were insensitive to 200 M by a somatic current step attenuated subsequent, synaptically evoked dendritic spikes (n ϭ 8; Figure 8B ). In CdCl 2 and 50 M NiCl 2 , which blocked synaptic transmission, indicating that voltage-activated calcium changeneral, synaptic responses evoked less than 500 ms after the conditioning train gave rise to highly attenuated nels are not required for dendritic spike initiation (n ϭ 4; data not shown). Nevertheless, it is likely that the dendritic spikes, which in many cases failed to trigger action potentials at the soma. At progressively longer depolarization associated with the dendritic sodium spike induces some calcium influx through voltage-actiintervals, dendritic spikes recovered in amplitude in a graded manner, with full recovery apparent at intervals vated calcium channels under physiological conditions. Since synaptically evoked dendritic spikes appear to of 500-1500 ms. When the duration of the conditioning train was extended, however, dendritic spikes evoked require dendritic sodium channel activation, and dendritic sodium channels are known to be inactivated for following short recovery periods had larger amplitudes than those following a brief conditioning train (compare prolonged periods by prior depolarization (Colbert et al., 1997; Jung et al., 1997), we examined whether dendritic Figures 8B and 8C ). This result suggests that although the first few back-propagating spikes can alter dendritic spikes are sensitive to recent action potential firing (Figure 8) . A train of three to six action potentials evoked excitability, subsequent spikes have considerably less Figure 8C will occur at dendritic locations distal to this recording site), the soThe observation that dendritic spikes have variable amplitudes and can occur in isolation from action potential dium channels there can recover from inactivation to some extent, even while the more proximal dendritic firing in the soma and axon raises the question of what function is served by these dendritic spikes. One possisodium channels remain inactivated, owing to the larger depolarization associated with each spike in the proxibility is that they serve a local function, perhaps related to synaptic plasticity (see Discussion). Alternatively, or mal dendrites. The ability of dendritic spikes to recover An EPSP elicited with a shock to stratum lacunosum-moleculare triggered a spike in the dendrite (thick traces, distance ϭ 345 m) that failed to propagate to the soma (thin traces). The amplitude and time course of the synaptically triggered dendritic spike was mimicked by a 5 ms depolarizing current pulse injected into the dendritic electrode, and this spike was eliminated in the presence of 500 nM TTX. (B) When the same synaptic stimulus followed 100 ms after a train of four action potentials elicited by a 100 ms, 550 pA depolarizing prepulse injected into the soma, the dendritic spike was absent, and a delayed back-propagating spike followed the somatic action potential. Partial recovery from activity-dependent attenuation of dendritic spikes was apparent when the synaptic stimulus followed the prepulse by 500 ms. Full recovery of dendritic spike amplitude occurred when the synaptic stimulus followed the prepulse by 750 ms, and active back-propagation of the somatic action potential to the dendritic recording site is not detectable. (C) Substantial recovery of dendritic spike amplitude occurred when the synaptic stimulus was given 100 ms after an extended, 650 ms train of action potentials that showed activity-dependent amplitude attenuation of back-propagating action potentials. in addition, they could function as an active form of or not an action potential is triggered in the axon depends on the magnitude of the additional depolarization synaptic integration, which might serve to increase the probability of a synaptic input triggering axonal action provided by the dendritic spike. In Figure 9A1 , the PSP is subthreshold, but in Figure 9A2 , an additional depolarpotentials. Some observations in our recordings support this idea. As illustrated in Figure 9 , dendritic spikes can ization contributed by a small dendritic spike (about 20 mV at 155 m) increases the somatic membrane provide an additional depolarization at the soma. Whether potential by a few millivolts, causing it to trigger an 1, 5 and 6). Somewhat larger dendritic spikes provide just enough additional depolarization to the somatic action potential in the axon. This recording provides a clear example of active dendritic integration that pre-PSP that an action potential does occur, but with some delay (see Figure 9) . The largest and most reliably propacedes axonal action potential initiation and back-propagation into the dendrites (see also Figures 1A2 and 1A3) .
gating dendritic spikes will always trigger full size action potentials in the axon. Dendritic spikes may therefore In cases such as this, the dendritic spike has not propagated regeneratively along the dendrite to the soma be viewed as a form of amplification for some synaptic inputs, since the variable-amplitude depolarization they and axon; rather, the dendritic spike has propagated semiactively (or passively) along the dendrite and procontribute to the somatic PSP increases the probability of action potential initiation in the axon (see also Stuart vided only a small additional depolarization to the somatic PSP. In other cases, the depolarization provided et al., 1997a). Our results are then consistent with the view that a by the dendritic spike is presumably larger than that shown in Figure 9A2 , and the somatic action potential low threshold action potential initiation zone exists in the axon of CA1 cells (Spruston et al., 1995; Colbert and occurs without delay, as shown in Figure 9A3 . In these cases, no back-propagating action potential is obJohnston, 1996). Though many factors may contribute to the higher threshold for spike initiation in the dendrites, served, presumably because the larger dendritic spike has left the dendrite in a refractory state, owing to the Hoffman and colleagues have shown that an important one is the high density of A-type potassium channels inactivation of a larger fraction of dendritic sodium channels.
in the apical dendrites of CA1 neurons (Hoffman et al., 1997). Our results indicate, however, that in response to some synaptic stimuli, the effects of these dendritic Discussion potassium channels can be overcome, and the higher threshold spike initiation zone(s) in the dendrites can be The simultaneous somatic and dendritic recordings preactivated, before threshold is reached in the axon. sented here provide definitive evidence that sodiumThe synaptically triggered dendritic spikes described dependent spikes can be initiated in the dendrites of here likely require the activation of dendritic voltage-CA1 neurons in response to specific patterns of synaptic activated sodium channels, as these spikes have half stimulation. These spikes were observed with a single widths similar to TTX-sensitive spikes evoked by direct synaptic stimulus at the threshold for a spike in 27% of current injection (Figure 7) . The dependence of dendritic our recordings, but 83% revealed dendritic spikes in spikes on sodium channels is also consistent with the response to a train of stimuli at the same intensity. Isosensitivity of dendritic spikes to previously occurring lated dendritic spikes were observed in some trials in back-propagating spikes, which induce a prolonged ‫%04ف‬ of the recordings showing dendritic spikes. Equalform of inactivation in dendritic sodium channels. As ly importantly, the present recordings provide informathe time course of dendritic spike recovery is similar to tion about the properties of dendritic spikes and their that of the recovery of sodium channels from prolonged propagation to the soma. In contrast to the large, allinactivation reported previously (Colbert et al., 1997; or-none action potentials that occur in the axon and Jung et al., 1997), this correlation strongly suggests that soma, dendritic spikes are variable in amplitude and are the cumulative inactivation of dendritic sodium channels regulated by the neuron's recent history of synaptic and caused by back-propagating action potentials reduces action potential activity; short-term facilitation during the amplitude and/or extent of the propagation of denbrief bursts of synaptic input promotes dendritic spike dritic spikes. Longer trains of action potentials, however, initiation, whereas sodium channel inactivation prevents had less effect on dendritic spikes than did the shorter sustained dendritic spike generation following repetitive trains ( Figure 8C ). This is an important result, because firing. Dendritic spikes attenuate drastically as they propit supports the interpretation that dendritic spikes are agate to the soma, where they sometimes fail to trigger likely to be generated in the distal dendrites, where less axonal action potentials. Dendritic spikes can thus be sodium channel inactivation will occur, since back-propviewed as influential but not absolute determinants of agating action potentials are smaller during repetitive action potential generation in the axon.
spiking. Although strong excitatory inputs promote their ocSynaptic Inputs Can Trigger Dendritic currence, dendritic spikes can be generated at or near Sodium Spikes in CA1 Neurons the threshold for spiking (Figure 1) , especially during the The steps leading to action potential initiation in CA1 facilitation associated with repetitive synaptic activation neurons are likely to proceed as follows. Synaptic poten- (Figure 3 ). During repetitive activation of a population of tials propagate from the dendrites of CA1 neurons topresynaptic axons, however, dendritic spike generation ward the soma and trigger an action potential if the cannot be sustained, presumably owing to the inactiva-PSP is above threshold in the axon. Some patterns of tion of dendritic sodium channels. et al.,  1998) . Interestingly, these authors find that during a sinpropagation. One possibility is that dendritic spikes are never as large as somatic spikes, even at their site of gle sharp wave, many more spikes are observed in dendritic recordings than in somatic recordings during simigeneration. This would be in accord with the high density of A-type potassium channels in the dendrites of CA1 lar events. Their observations are therefore in accord with our finding that dendritic spikes can occur in isolaneurons, which cause attenuation in the amplitude of back-propagating action potentials (Hoffman et al., tion of somatic action potentials. On the surface, however, their observation of multiple dendritic spikes dur-1997) and could similarly limit the amplitude of dendritic spikes. Another factor may simply be dendritic geomeing a single sharp wave would seem to contradict our finding that sustained dendritic spiking cannot be suptry, since propagation from a region of low-impedance (the soma) to a region of higher impedance (the denported in CA1 neurons. However, our experiments differ considerably from the in vivo situation in that the same drites) is biophysically more favorable than the reverse (Goldstein and Rall, 1974; Jack et al., 1983; Rall and population of presynaptic axons is activated on every trial, so a limited number of dendritic spike initiation Segev, 1987). Another possibility is that a proximal region of high-potassium channel density shunts out denzones may be recruited in our experiments. In the in vivo experiments, more dendritic spike initiation zones dritic spikes, which may already be attenuated by the time they reach this zone. Somatic spikes, by contrast, may be activated, provided that each dendritic trigger zone is sufficiently distant from the others so as to be may propagate through such a shunt because of their larger amplitude in this proximal region of the dendrites. relatively insulated from the refractory effects of a spike generated in another zone. This possibility may explain Direct recordings of potassium channels from the dendrites of CA1 neurons have not revealed any such proxithe apparent absence of a refractory period during den- 
